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WKHUHLVDODFNRIEDVLFLQIRUPDWLRQRQWKHFURVVVHFWLRQRIWKHEULGJH7KHFKRLFHRIPRGHUQL]DWLRQPHWKRGUHTXLUHV
NQRZOHGJHRIWKHORDGFDUU\LQJFDSDFLW\RIWKHH[LVWLQJVWUXFWXUHVZKLFKPD\EHREWDLQHGXVLQJGHVWUXFWLYHDQGRU
QRQGHVWUXFWLYHPHWKRGVRIWHVWLQJ*35LVDKLJKUHVROXWLRQHOHFWURPDJQHWLF(0WHFKQLTXHZKLFKRULJLQDWHGLQ
WKHV ,W LV GHVLJQHG IRU QRQGHVWUXFWLYH LQYHVWLJDWLRQVRI WKH VKDOORZ VXEVXUIDFHRI VRLO VWUXFWXUDO HOHPHQWV
URDGVDQGEULGJHV7KHQRQGHVWUXFWLYHDVVHVVPHQWRIWKHFRQGLWLRQRIHQJLQHHULQJVWUXFWXUHVXVLQJ*35KDVODWHO\
EHFRPHTXLWHDQDWWUDFWLYHDQGHIIHFWLYHPHWKRGRIWHVWLQJ>@>@
7KH VXEMHFW RI WKLV VWXG\ LV D WKUHHVSDQ 5& URDG YLDGXFW ZKLFK LV SODQQHG WR PRGHUQL]DWLRQ ORFDWHG RYHU
UDLOZD\OLQHV,QUHODWLRQWRWKHDGRSWHGUHLQIRUFHPHQWPHWKRGDQGWKHODFNRIGHVLJQGRFXPHQWDWLRQIRUWKHH[LVWLQJ
YLDGXFWLWZDVQHFHVVDU\WRREWDLQEDVLFLQIRUPDWLRQRQWKHEHDPVH[LVWLQJLQWKHREMHFW7KHPDLQSXUSRVHRIWKH
H[SHULPHQWDO WHVWVXVLQJ WKH*35 WHFKQLTXHZDV WRGHWHUPLQH WKHJHRPHWULFSDUDPHWHUVRIEHDPVDQG UHLQIRUFLQJ
EDUVZLWKLQWKHP7KHGLVWDQFHVEHWZHHQSDUWLFXODUUHLQIRUFLQJEDUVDQGWKHGHSWKRIWKHLUSRVLWLRQZHUHDOVRWREH
GHWHUPLQHG7ZRVHOHFWHG5&EHDPVZHUHWKRURXJKO\WHVWHGWKHILUVWRQHORFDWHGLQWKHFHQWUDOVSDQDQGWKHVHFRQG
LQWKHOHIWVSDQ7KHYHORFLW\RIWKHZDYHSURSDJDWLRQGXULQJWKH*35WHVWZDVHVWLPDWHGEDVHGRQDSUHOLPLQDU\
WHVWDQGOLWHUDWXUHUHYLHZ
'HVFULSWLRQRIWHVWHGYLDGXFW
7KHURDGYLDGXFWFRQVLVWVRIWKUHHVSDQVPDGHRIVLPSO\VXSSRUWHG5&EHDPV)LJ(DFKVSDQFRQVLVWVRI
PDLQEHDPVZLWKXQNQRZQJHRPHWULFDODQGVWUHQJWKSDUDPHWHUV$OOVSDQVKDYH WKHVDPHOHQJWKRIP7KH
WRWDOREMHFWOHQJWKLVPDQGLWVZLGWKLVP7KHREMHFWLQWHUVHFWLRQDQJOHLQUHODWLRQWRWKHUDLOZD\OLQH
D[LV XQGHU WKHYLDGXFW LV DERXW7KHPDLQEHDPVDUHGLUHFWO\ VLWXDWHGRQ WKHSLHUV ZLWKRXWEHDULQJVDQGDUH
SUREDEO\DQFKRUHGWRWKHKHDGVRISLHUV





)LJ6LGHYLHZRQWKHWHVWHGYLDGXFW
7KHYLDGXFWUHSDLUSURMHFWIRUHVDZWKHFKDQJHRIWKHVWDWLFVFKHPHE\DGGLQJDQHZOD\HURIFRQWLQXRXV5&VODE
RQ WKHZKROHREMHFW7KLVFKDQJHZDVSODQQHG WRSHUPLW WKHPRYHPHQWRIKHDY\ WUXFNVZHLJKLQJN1GXULQJ
QRUPDOVHUYLFHRI WKHYLDGXFW+RZHYHU WKHRZQHURI WKHYLDGXFWGHFLGHG WR LQFUHDVH LWVFDUU\LQJFDSDFLW\ WR
N1 )RU WKLV UHDVRQ GHWDLOHG WHVWLQJ RI H[LVWLQJPDLQ EHDPVZDV QHFHVVDU\'XULQJ WKH UHSDLUZRUNV WKH DVSKDOW
OD\HUVDQGOHYHOLQJFRQFUHWHZHUHUHPRYHGWRXQFRYHUWKHXSSHUVXUIDFHVRIWKHH[LVWLQJPDLQEHDPV7KLVZDVGRQH
WRPLQLPL]HWKHLQIOXHQFHRIRWKHUHOHPHQWVZKLFKFRXOGGLVWXUEWKH*35WHVW7KHWHVWHGVXUIDFHZDVGU\DQGWKH
DWPRVSKHULFFRQGLWLRQVGLGQRWLQIOXHQFHWKHDFFXUDF\RIWKHUHVXOWV
'HVFULSWLRQRIHTXLSPHQWDQGPHWKRGRORJ\RI*35WHVWV
*35HTXLSPHQW
(DFK *35 DSSDUDWXV FRQVLVWV RI D IHZ HVVHQWLDO FRPSRQHQWV 7KH PDLQ FRPSRQHQW RI WKH ZKROH PHDVXULQJ
V\VWHPLVDFRQWUROXQLW7KHEDVLFWDVNVRIWKLVXQLWDUHWKHIROORZLQJFRQWURORIWKHDQWHQQDVLJQDOUHFHLYLQJDQG
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FRQYHUWLQJ IURP DQDORJ WR GLJLWDO DQG FRRSHUDWLRQ ZLWK D FRPSXWHU 7KH VHFRQG FRPSRQHQW RI WKH *35
FRQILJXUDWLRQLVWKHDQWHQQDZKLFKLVHVSHFLDOO\LPSRUWDQWIURPWKHXVHU¶VSRLQWRIYLHZ*35DQWHQQDVFRQVLVWRI
VXLWDEO\SUHSDUHGVWHHOSODWHVFDOOHGGLSROHV$QWHQQDVGLIIHUIURPRQHDQRWKHUSULPDULO\LQWKHRSHUDWLRQIUHTXHQF\
7KHGLIIHUHQFHV LQIUHTXHQFLHVDOVRUHVXOW LQYDULDWLRQV LQDQWHQQDGLPHQVLRQV)URPDSUDFWLFDOSRLQWRIYLHZ WKH
DQWHQQD¶VRSHUDWLRQIUHTXHQF\GHPRQVWUDWHVSK\VLFDOSDUDPHWHUVRIWKH(0ZDYH7KHPHDVXUHPHQWDFFXUDF\DQG
WKHGHSWKRISHQHWUDWLRQGLUHFWO\GHSHQGRQWKHRSHUDWLRQIUHTXHQF\RIWKHDQWHQQD
7KH*35VHWDSSOLHGWRWKHWHVWFRQVLVWVRIWKHIROORZLQJHOHPHQWVL³)DVW:DYH´FRQWUROXQLWZLWKIUHTXHQF\RI
WKH(0SXOVHDWN+]LLVKLHOGHGDQWHQQDZLWKRSHUDWLRQIUHTXHQF\RI0+]ZKLFKLVDELSRODUDQWHQQD
LHLWKDVWZRSDLUVRIWUDQVPLWWHUUHFHLYHUVHWVZLWKIUHTXHQF\RI0+]SODFHGSHUSHQGLFXODUO\WRHDFKRWKHU
LLL DQWHQQD¶V KDQGOHZLWK WKHGLVWDQFHPHDVXUHPHQWZKHHO LY FRPSXWHUZLWKGDWDFROOHFWLRQ VRIWZDUH DQG Y
DFFXPXODWRUDQGLQGLVSHQVDEOHOLQNLQJFDEOHV
0HWKRGRORJ\RI*35WHVWLQJ
3ULRUWRWHVWLQJWKHYHORFLW\RI(0ZDYHSURSDJDWLRQLQWKHDQDO\]HGPHGLXPVKRXOGEHGHWHUPLQHG7KLVPD\EH
GRQHH[SHULPHQWDOO\$IHZSUHOLPLQDU\*35WHVWVXVLQJYDULRXVZDYHYHORFLWLHVYȦ PQVPQV
PQVDQGPQVZHUHFDUULHGRXW$VLWWXUQHGRXWWKHEHVWUHVXOWVZHUHDFKLHYHGIRUWKHZDYHYHORFLW\RI
PQV7KHUHIRUH WKHYHORFLW\RIZDYHSURSDJDWLRQ LQ FRQFUHWHZDV DGRSWHG IURP WKHSUHOLPLQDU\ WHVW DQG IURPD
OLWHUDWXUHUHYLHZ9HORFLWLHVRIWKHHOHFWURPDJQHWLFZDYHSURSDJDWLRQLQYDULRXVPDWHULDOVZHUHSURSRVHGE\>@>@
7ZRPDLQEHDPVSODFHGLQWKHORQJLWXGLQDOD[LVRIWKHYLDGXFWZHUHFKRVHQIRUWHVWLQJRQHIURPWKHFHQWUDOVSDQRI
WKHYLDGXFWDQGWKHRWKHUIURPWKHOHIWVSDQ)LJ(DFKRIWKHVHEHDPVZDVDVHSDUDWHTXDUWHURIWKHFRRUGLQDWH
V\VWHPZKHUH WKH ORQJHU VLGHZDV WKH7D[LV DQG WKH VKRUWHUZDV WKH/D[LV 3DUDOOHO WR WKH7D[LV ORQJLWXGLQDO
VFDQQLQJ/ZDVH[HFXWHGZKLOHSDUDOOHOWRWKH/D[LVWUDQVYHUVHVFDQQLQJ7ZDVFDUULHGRXW)LJ


)LJ7RSYLHZRQWKHYLDGXFWEHDPVEROGHGOLQHVPHDQWKHWHVWHGEHDPV
$IWHUXQFRYHULQJWKHXSSHUSDUWRIWKHEHDPVLWWXUQHGRXWWKDWWKHLUZLGWKZDVDSSUR[LPDWHO\PDQGOHQJWK
DSSUR[LPDWHO\P,WZDVGHFLGHGWRVFDQDEDQGRIZLGWKPDQGOHQJWKP,QGLYLGXDOVFDQVZHUH
H[HFXWHGLQLQFUHPHQWVRIPWRREWDLQWKHEHVWDFFXUDF\RIWKHUDGDUJUDPV(OHYHQ ORQJLWXGLQDOSURILOHV/±
/ZLWK OHQJWKRI PZHUH JHQHUDWHG IRU WKH ILUVWPHDVXUHPHQW7KHVHSURILOHV IXOO\ FRYHUHGEHDPQR 
$GGLWLRQDOO\WZRVHFWLRQVRIOHQJWKPZHUHFKRVHQRIZKLFKWUDQVYHUVHVFDQV7ZHUHPDGHLQLQFUHPHQWV
RIP7KHVHOHFWHGVHFWLRQVZHUHORFDWHGEHWZHHQDQGP7±7DQGEHWZHHQDQGP
7±7DORQJWKHEHDPOHQJWK'XHWRWKHSDUWLDOH[SRVXUHRIEHDPQRWKHPHDVXUHPHQWVZHUHVKRUWHQHGWRD
OHQJWKRIDSSUR[LPDWHO\P,QWKHQH[WVWHSHOHYHQORQJLWXGLQDOSURILOHVRIOHQJWKPZHUHH[HFXWHGRQFH
DJDLQLQLQFUHPHQWVRIP$VIRUWKHILUVWEHDPWZRVHFWLRQVRIOHQJWKPZHUHFKRVHQEHWZHHQDQG
245 Damian Beben et al. /  Procedia Engineering  65 ( 2013 )  242 – 247 
PDQGEHWZHHQDQGPDORQJWKHEHDPOHQJWK%RWKVHFWLRQVZHUHVFDQQHGLQWKHWUDQVYHUVHGLUHFWLRQ
7±7LQLQFUHPHQWVRIP)LJ*HQHUDOO\WKHORQJLWXGLQDOVFDQV/ZHUHXVHGWRILQGWKHSRVLWLRQRI
WKHUHLQIRUFHPHQWEDUVVWLUUXSVSODFHGLQWKHWUDQVYHUVHGLUHFWLRQRIWKHEHDP,QWXUQWKHWUDQVYHUVHVFDQV7ZHUH
XVHGWRORFDWHWKHPDLQORQJLWXGLQDOUHLQIRUFHPHQWEDUVDQGSRVVLEOHDQRPDOLHVLQWKHEHDPV

)LJ,QVSHFWLRQWUDFHVRQWKHWHVWHGYLDGXFWEHDPV
5HVXOWVRI*35WHVWVDQGWKHLUDQDO\VLV
7KHVHOHFWHGUHVXOWVRIWKHUDGDUJUDPVIRUWKHORQJLWXGLQDOVFDQQLQJ/DUHSUHVHQWHGLQ)LJ$OOORQJLWXGLQDO
UDGDUJUDPV / VKRZ WKDW WKH ILUVW OHYHORI UHLQIRUFLQJEDUV VWLUUXSV LVRQD VLPLODUGHSWK LHP IURP WKH
XSSHUHGJHRI WKHEHDP3RVVLEOHGLIIHUHQFHVFRXOGEH WKH UHVXOWRIXQHYHQQHVVRI WKH WHVWHGVXUIDFHWKH OHYHOLQJ
FRQFUHWHOD\HULQWKHVHSODFHVWKHVWLUUXSVDUHVLWXDWHGDOLWWOHELWGHHSHU,QRUGHUWRGHILQHILQDOO\WKHSRVLWLRQRI
WKH VWLUUXSV LWZDVQHFHVVDU\ WRDQDO\]H WKHEHJLQQLQJ IUDJPHQWVRIHDFK UDGDUJUDP LQGHWDLO ,Q WKHVHSODFHV WKH
WHVWHGEHDPZDVIXOO\XQFRYHUHGDQGWKHVWLUUXSVZHUHFOHDUO\YLVLEOHRQWKHUDGDUJUDP7KHOD\HUDWDGHSWKRI
PLVFOHDUO\YLVLEOHWXUQHGRXWWREHWKHXSSHUHGJHRIDQLQWHUQDOKROHLQWKHEHDP$GGLWLRQDOO\WKHOD\HUDWDGHSWK
RI DSSUR[LPDWHO\  P LV DOVR YLVLEOH DQG LV OLNHO\ WKH ERWWRP HGJH RI WKH LQWHUQDO KROH 0RUHRYHU DOO WKH
UDGDUJUDPVVKRZWKHOD\HUDWDGHSWKRIPZKLFKLVWKHERWWRPHGJHRIWKHPDLQEHDP$IHZDQRPDOLHVZHUH
GHWHFWHGHJUHIOHFWLRQVIURPDQXQGHILQHGREMHFWHOHPHQWDUHYLVLEOHDWDGHSWKRIPPDUNHGZLWKFLUFOHVLQ
)LJ
7KHGLVWDQFHVEHWZHHQ WKHUHLQIRUFLQJEDUV VWLUUXSVZHUHHVWLPDWHGEDVHGRQ WKHSDUWRI WKHUDGDUJUDPZKHUH
WKH\ ZHUH PRVW YLVLEOH LH RQ WKH OHQJWK RI  P RI HDFK VFDQQLQJ ,Q WKHVH SODFHV WKH PDLQ EHDP ZDV IXOO\
XQFRYHUHG)LJ7KHDYHUDJHGLVWDQFHEHWZHHQWKHVWLUUXSVZDVPWKHODUJHVWGLVWDQFHZDVPLQWKH
PLGGOHSDUWRIWKHEHDPDQGWKHVPDOOHVWZDVPDWERWKHQGVRIWKHEHDP)LJVKRZVWKHWRSYLHZRIWKH
VWLUUXSDUUDQJHPHQWLQVLGHWKHEHDP

)LJ7KHSURFHVVHGUDGDUJUDP/
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



)LJ7RSYLHZRIWKHEHDPZLWKPDUNHGORQJLWXGLQDOSURILOHVDQGVWLUUXSV
,Q WKHFDVHRI WKH VHFRQGEHDP WKH UHEDU OHYHODQGHGJHVRI WKH LQWHUQDOKROHZHUHPRUHYLVLEOHRQ WUDQVYHUVH
UDGDUJUDPV77ZRUHLQIRUFLQJEDUVZHUHDOVRGHWHFWHGIRUWKLVEHDPDWDGHSWKRIDSSUR[LPDWHO\P7KHILUVW
ZDVPDQGWKHVHFRQGPIURPWKHEHJLQQLQJRIWKHVFDQQLQJDUHD0RUHRYHUWKHLQWHUQDOKROHDWDGHSWKRI
PLVTXLWHZHOOYLVLEOH7KHLQWHUQDOKROHUHDFKHVDGHSWKRIPZKHUHWKHLPDJHVWUXFWXUHFKDQJHVYLVLEO\
7KHVHFRQGOHYHORIUHEDUVLVDOVRYLVLEOHXQIRUWXQDWHO\WKHQXPEHURIUHEDUVFDQQRWEHGLVWLQJXLVKHGOLNHO\GXHWR
WKHODUJHQXPEHURIUHEDUVPHUJLQJLQWKHLPDJH7KHERWWRPHGJHRIWKHEHDPLVDOVRFOHDUO\YLVLEOHDWDGHSWKRI
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UHLQIRUFLQJ EDUV ZHUH GHWHFWHG 7KH UHEDUV ZHUH SRVLWLRQHG LQ ERWK FRUQHUV ± DSSUR[LPDWHO\  P IURP WKH
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